The role of the strain state in epitaxial (001)-oriented Cu/Ni(14 nm)/Cu rings is investigated using a combination of magnetic force microscopy and finite-element calculations. Rings with an external diameter of 3 and 2 μm and linewidth W larger than 400 nm show two different structures: domains with magnetization oriented in the radial direction exist at the inner and outer radius, separated by an area in the interior of the ring consisting of stripe domains with perpendicular magnetization. The former is the sole magnetic structure observed for W < 400 nm. Micromagnetic calculations on narrow-linewidth structures indicate that the radial domain-wall structure consists of elliptical Bloch lines with a shorter and longer length along the tangential and radial directions, respectively. Finite-element calculations show that the anisotropic relaxation of the in-plane strain is larger at the ring inner and outer edges than in the interior part of the ring and accounts for the reorientation of the magnetization direction.
I. INTRODUCTION
The influence of strain state on the fundamental properties of materials as diverse as semiconductors, superconductors, multiferroics, and magnetic materials can be appreciated by considering the effects of strain on important electronic, optical, or magnetic properties. [1] [2] [3] [4] The strain therefore has become an important parameter for tuning the properties of thin-film systems since films can be grown epitaxially with specific strain states by selecting appropriate substrates. In patterned structures with finite lateral dimensions, the strain state is modified by patterning leading to changes in physical properties compared to a continuous thin film. The strain relaxation thus can become a pathway for the design of elements with spatially inhomogeneous physical properties as a result of the inhomogeneous strain state caused by patterning.
This article focuses on changes in magnetic properties resulting from magnetoelastic anisotropy caused by patterning of a thin-film system. A model system for the study of magnetoelastic effects is the Cu/Ni/Cu(001) structure: the strain induced in the Ni layer by the misfit with the Cu substrate is responsible, through the magnetoelastic (ME) coupling, for the perpendicular (i.e., out-of-plane) anisotropy observed for nickel thicknesses between 2 and 14 nm. 4, 5 The magnetocrystalline anisotropy is small, K 1 = −4.5 kJ/m 3 for Ni bulk, and, therefore, neglected for the analysis of films with perpendicular magnetization but orients the in-plane easy direction along the 110 axes in films with in-plane magnetization. These films show low remanence that is due to the swing of the magnetization M out of the plane forming domains with a size below 200 nm. 6 For planar nanowires patterned from such films along the [100] direction, the breaking of the in-plane strain isotropy induces a ME anisotropy that produces a transverse orientation of the in-plane magnetization with respect to the stripe length. 7 Here we demonstrate the magnetic properties of Ni rings made from epitaxial Cu/Ni/Cu films as a function of the ring width and clarify the internal structure and energy of the domain walls in radially magnetized rings. The study was carried out in a structure with the Ni layer thickness set at 14 nm, a value where the net perpendicular magnetic anisotropy is small 8 and therefore effects due to nonuniform strain states are expected to be dominant. The domain structure in this film with a weak out-of-plane magnetic anisotropy and effective in-plane magnetic anisotropy consist of stripes or maze structures with M pointing up and down with respect to the film surface. 9 Strain relaxation occurs normal to the ring edges and favors the in-plane orientation of M along the radial direction of the ring, as we observed previously in a narrow ring 9 and stripes. 7 For wide rings this radially magnetized structure coexists with perpendicular stripe domains in the less-relaxed regions of the ring away from the edges, whereas for ring widths below ≈400 nm a fully radial domain configuration is present. Unlike rings made from films with in-plane magnetization, the magnetization reversal proceeds by the nucleation of reverse domains that generate additional DWs in the ring. Micromagnetic calculations indicate that the DWs in these radially magnetized rings are of vortex type resembling Bloch lines with different spatial extent longitudinal and transverse to the ring radius and provide an estimate of their energy which is related to the arc length of the domains within the rings.
II. EXPERIMENT
The rings were fabricated by subtractive processing of an epitaxial Cu/Ni/Cu film using electron-beam lithography and ion beam etching with a metallic hard mask. Arrays of rings with an outer ring diameter D of 3 and 2 μm and linewidth W varying from 150 to 1200 nm were first fabricated in a bilayer resist stack on a (001)-oriented Cu (5nm)/Ni (14 nm)/Cu (100 nm) epitaxial film on a Si (001) wafer using electronbeam lithography. A bilayer film of Cr/Al was deposited by electron-beam evaporation on the resist and lifted off to leave ring-shaped Cr/Al hardmasks, and ion beam etching was used to transfer the pattern into the Cu/Ni/Cu layer in a procedure reported elsewhere. 9 An energy-dispersive x-ray spectroscopy map (not shown) performed on a milled ring showed no trace of nickel outside the masked area and signal from the Cr/Al layers on the ring region, indicating that the mask was not completely eroded and protected the Cu/Ni/Cu structures during the ion etching process. This procedure is analogous to the process used in previous work to obtain arrays of epitaxial nanowires. 7 The magnetic microstructure was imaged by magnetic force microscopy (MFM) in the tapping-lift mode, detecting the phase shift with commercial low moment tips magnetized along the tip axis. The dark and bright contrast originate from the stray fields present at the edges of the rings or due to the formation of domains with out-of-plane magnetization. Effects of the tip stray field on the samples' magnetic structure were monitored by measuring the magnetic signal backward and forward along the x scanning directions and, at times, by scanning along the y direction. Figure 1 shows topographic and magnetic images for rings with D = 3 μm and W ranging from 1300 to 250 nm. The images were taken after applying a magnetic field out-of-plane. Rings with W = 1.3 and 1.2 μm [Figs. 1(a) and 1(b)] show two different domain structures. In the interior of the ring, a maze structure was observed [see Fig. 1(a) ]. The stripe width was about 200 nm, a value similar to that obtained for the unpatterned thin film. 6, 9 However, for the region at the edge of the ring, the pattern consisted of alternating dark and bright contrast sectors that we interpret as the stray field due to inplane domains. These configurations are sketched in Fig. 1(k) , where the area with transverse M is displayed in white, forming domains with the orientation indicated by the arrows. Thus, in the MFM images, the stray field generated by narrow rings with transverse magnetization appears with correlated bright and dark contrast at the inner and outer ring edges along the radial direction, and changes of the contrast along the azimuthal direction indicate a domain wall. That observed correlation can be lost in wide rings if a different domain structure exists in the interior of the ring, such as an out-of-plane magnetized region, shown in gray in the thick ring of Fig. 1(k) .
III. RESULTS
The edge contrast was enhanced as W decreased and became visible at the inner edge ring for W = 1 μm and below [ Figs. 1(c)-1(h) ]. For W = 430 nm and below, Fig. 1(f) , the contrast of the inner edge was correlated with the contrast at the external edge such that bright and dark areas appeared at opposite sides of the ring edges. For W = 280 and 250 nm [Figs. 1(g) and 1(h)] the domain structure in the middle of the ring width was no longer visible, and the signal varied between bright and dark contrast at the edges.
In Fig. 2 , the evolution of the domain structure in the linewidth range W < 400 nm is shown for rings with D = 2 μm. This follows the same trends as seen in Fig. 1 . For the wider ring, W = 460 nm, a strong signal at the ring edges and a weak magnetic contrast inside the ring was observed, Fig. 2 indicate the importance of edges in determining the magnetic configuration, and, as linewidth decreased, the edge effects spanned the entire width of the ring.
The edge contrast is attributed to a radial magnetization orientation. Although MFM is not usually a quantitative technique, it was shown that wires with perpendicular magnetization exhibit contrast directly above the magnetic area, 10 while, if M is transverse to the wire axis, the stray field has appreciable values away from the edges of the magnetic area. 7 Comparison of the topographical and magnetic images as well as the linescan in Fig. 1(j) shows that the magnetic contrast extended outside the area of the rings. The contrast is characteristic of radial in-plane magnetization, transverse to the ring circumference. The alternating contrast indicates the presence of multiple radial domain walls within the ring.
The dependence of the domain structure on the applied field ranging between −4 kA/m and 32 kA/m is shown in Fig. 3 for a ring with W = 200 nm, a linewidth that produced radial magnetization. The field H was applied along the Ni [100] in-plane direction (φ = 0) to first saturate the ring at a negative field of −65 kA/m and then H was increased. At high fields [for example, in the 32-kA/m image or at large negative fields (not shown)], the contrast followed the field direction with dark on one side of the stripe and bright on the other, changing at (φ = ±90
• ), indicating that the ring was at or near in-plane saturation. Close to remanence (−4 kA/m to 2.4 kA/m) the contrast in the first (φ = 0
• to 90 • ) and third quadrants was still near saturation, but multiple domains appeared in the second and fourth quadrants. Increasing positive field led to the appearance of additional domain walls in the second and fourth quadrants, visible at H = 8.8 kA/m and above. The initiation of the reversal of M appeared to take place by the generation of domains in some sections of the ring and not by the depinning and movement of the DWs, as was observed in rings with circumferential magnetization that exhibit onion and vortex states. [11] [12] [13] For H = 16.7 kA/m, the domains parallel to the field were enlarged by movement of domain walls and, at 32 kA/m, the inversion of the polarity of M was nearly complete. The fact that the polarity of the contrast of the ring followed the field direction suggests that the tip magnetization was maintained perpendicular to H and was not demagnetized during the measurements.
The H dependence of the magnetization along the direction parallel, x, and perpendicular, y, to the external applied field, calculated assuming a radially oriented magnetization, is presented in Fig. 3(j) normalized by bulk Ni magnetization, M Ni , and the ring volume π (D − W )W t Ni , namely m x and m y . The calculation is done by the integration of M(φ)r ·x and M(φ)r ·ŷ over the ring. m x changed its sign between the configurations at H = 8.8 and 12.7 kA/m, indicating that the coercive field of the ring was in this range, and a linear extrapolation between these values gave 11.1 kA/m for the coercive field. On the other hand, m y had values around zero, which are smaller than m x . The calculated remanence of the ring was about 46% of the total magnetization.
The general MFM contrast of the domain configurations observed at remanence, around the coercive field, and at saturation is similar and supports the interpretation that the ring consisted of domains with high radial remanence and that reversal occurred by the nucleation and propagation of radial domains rather than by rotation of the magnetization. The radial anisotropy in the ring therefore was strong compared to Zeeman, magnetostatic, and magnetocrystalline energies. The ring did show differences in the domain structures between quadrants 1, 3 and 2, 4 at certain fields during the reversal process (Fig. 3) , which is indicative of an additional in-plane anisotropy that may be magnetocrystalline or a result of the deposition process, though prior work indicated that magnetocrystalline anisotropy is, in principle, a weak contribution.
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IV. DISCUSSION
A. Analytical expression for domain-wall energy
In a previous work 9 we showed that a difference between radial and tangential strain as low as 1.5 × 10 −3 is capable, through the ME energy contribution, to overcome the shape anisotropy and favor the transverse (i.e., radial) orientation of M in a narrow Ni ring. The ME contribution is given by the expression: 
where B 1 and B 2 are the ME stress coefficients, φ is the azimuthal angle measured with respect to the [100] direction, and = ( rr − φφ ), with rr and φφ the radial and tangential strain components (in cylindrical coordinates). Here we extend the analysis to the domain structure in narrow rings, assuming that M is transverse to the wire axis because it overcomes the magnetocrystalline and magnetostatic energies, to obtain the value of the wall energy density σ dw in the ring. The minimization of the magnetostatic e ms and wall energy per unit volume e dw energies with respect to the domain size provides a relationship between σ dw and measurable quantities as , M and the geometrical dimensions of the ring D and W .
The expression for e ms for a ring with two domains was outlined previously. 9 For the case of a ring divided into N domains with identical size, it can be demonstrated, see the appendix, that e ms is given by volume and surface terms, respectively, with arises from the integration of M over the angular variable φ. Figure 4 shows Q v,n /p 2 , Q s,n /p 2 , and e ms vs. p for a ring with D = 3 μm and W = 200 nm and two domains (N = 2). Because of the factor p −2 , it is a reasonable approximation to consider the first five terms in Eqs. (2) and (3) to obtain a value for the magnetostatic energy density used in Fig. 5 . Thus, using the first five terms (p = 9) the value of e ms is 97.5% of the extrapolated value of e ms for large p. Note that for this ring Q v,p /p 2 Q s,p /p 2 and, therefore, e ms,v is negligible compared with e ms,s . The meaning of x, y, and w is explained in the Appendix.
The domain-wall energy per unit volume is the number of domain walls, which is the same as the number of domains multiplied by the wall energy density σ dw and the DW area Wt Ni and divided by the total ring volume. Therefore, Figure 5 shows, for a ring with W = 250 nm, the dependence of e ms and e dw as a function of the domain size = πD/N for several values of σ dw .
To minimize e dw + e ms with respect to the discrete e ms ( ) function was modelled using an extended Langmuir function ab 
To estimate (or N ), the domain structures imaged by MFM were used. We assume that the differences in the sizes of these domains are due to difficulty in generating domain walls at the ring edges, and thus, the smaller domain size is close to the value of the domain length in the configuration that minimizes e dw + e ms . Then, using the image of Fig. 1 
B. Micromagnetic calculation
The contribution of the volume charges to e ms is two orders of magnitude smaller than that due to surface charges, and, therefore, the magnetostatic energies of the ring studied in the previous section and of a straight strip of Ni have the same origin. Thus, the simplicity of wire geometry to carry out calculations was used to evaluate the domain structure using a Landau-Lifshitz-Gilbert micromagnetic solver.
14 The strip was 8 μm long, 180 nm wide, and 10 nm thick, with 2.5 × 2.5 × 10 nm unit cells and 0. 5 3 and K p = 120 kJ/m 3 , respectively, for the transverse to the wire and perpendicular to the plane anisotropy constants. K t clearly exceeded the magnetostatic anisotropy energy calculated for the wire. We note that by increasing K t by the amount of the angular variation of the ME energy in the Ni ring [see Eq. (1)], we affected the domain size and domain-wall geometry in only a minor way. K p depends on the strain state and a decrement with respect to the unpatterned film has been observed. 7 The value used here is roughly 75% of the value obtained for the unpatterned 10-nm-thick Ni film from the strain measured by x-ray diffraction.
With these parameters a micromagnetic structure with transverse domains was obtained, Fig. 6(a) , with a separation between DWs of about 300 nm and ≈ 1.6 W. This value would correspond to the minimum DW spacing observable in the MFM image since defects can pin DWs and preclude the formation of smaller domains. Indeed, the smaller domains in Fig. 1 were between 1.2 and 2 times the ring width, in good agreement with the result of the micromagnetic calculation.
Structure and energy of the domain wall
The micromagnetic calculation provides information about the domain-wall structure in a strip with transverse anisotropy. The simulation showed domain walls with both in-plane and out-of-plane structure for M: The in-plane component formed an elliptical vortex with the minor axis along the longitudinal direction and the out-of-plane component was greatest at the core of the DW, Fig. 6(b) . These walls differ from the usual transverse and vortex walls found in strips with longitudinal magnetization or walls in strips with perpendicular anisotropy: The wall in the present case is a vortex-type wall but the vortex is elliptical due to the transverse anisotropy. The domain-wall width was calculated 15 by evaluating the integral of the perpendicular component of M and yielded, respectively, a value of ≈35 nm and 85 nm for the longitudinal and transverse directions, see the profiles in Figs. 6(c) and 6(d) .
The exchange and magnetostatic energy contributions of the DW were estimated by comparing the energies in the zero field of well-defined reference structures calculated using the micromagnetic simulator. The three reference structures consisted of a configuration with uniform M transverse to the wire axis, a similar configuration with uniform transverse M but containing a zero-width 180
• DW, and a configuration in which M formed a single vortex. The results are listed in Table I . The difference between e ms for the zero-length wall and the vortex wall configurations provides an estimate of the magnetostatic energy of the DW, E ms . The differences between the energies of the vortex wall and the uniform state provide an estimate of the exchange energy E ex , perpendicular E p , and transverse E t anisotropy energies of the DW. The energy associated with the domain wall in the structure E dw was evaluated as the sum of these energy differences, which are indicated in Table I . Using E dw = σ dw t Ni W , σ dw ≈ 1.5 mJ/m 2 (W = 180 nm, t Ni = 10 nm), a value comparable to the values obtained for σ dw in the previous section. It is worth noting that the presence of an out-of-plane component of M in the vortex DW releases energy, E p is negative, and, as a result, the overall DW energy is decreased.
C. Strain relaxation
The observation of a different domain structure in the middle of the linewidth and at the ring edges for the wider rings suggests that varied along the radius of the ring. An anisotropy in the relaxation of the biaxial in-plane strain of the Ni film (≈0.75% for the film studied here) is required to justify the net radial anisotropy term. To determine this we carried out a finite-element analysis of the strain and stress relaxation in the trilayer Cu/Ni/Cu structure. The initial state included the in-plane epitaxial mismatch strain for the Ni layer in the unpatterned Cu/Ni/Cu structure of 0.75 × 10 −2 and the strain were introduced into the model by setting the Ni layer to a temperature at which the thermal expansion of the nickel with respect to the copper was equivalent to the experimental in-plane strain. The resulting stress map distribution for a ring with D = 1 μm and W = 500 nm is shown in Fig. 7 . The image shows a ring quarter and the stress σ along the y Cartesian coordinate; therefore, the σ yy corresponds to the σ rr and σ φφ stress when observed, respectively, along the y and x axis. For a ring with D = 3 μm and W = 200 nm, σ rr , σ φφ , and σ = σ φφ − σ rr in the nickel layer along the radial direction are plotted in Fig. 7(a) . From the graph and the data, straightforward conclusions can be drawn: (a) σ rr was more relaxed at the edges of the ring that at the center of the linewidth and (b) σ φφ is quite uniform, although there was a relaxation in the interior ring area. As a result, = rr − φφ = −(σ φφ − σ rr )(1 + ν)/E was calculated with E (=210 GPa) as the Young's modulus and ν (=0.31) the Poisson number; see Fig. 7(c) . had its largest values at the edges of the ring linewidth and minimum at the ring center. While for the ring with W = 200 had a large value (−6 × 10 −3 ) at the center of the ring, increasing W implies that the became negligible away from the edges of the ring, and significant values for were observed only at the ring edges. Thus, from the anisotropic strain, the minimum value of the ME anisotropy, see Eq. (1), can be calculated using the bulk ME coefficients, B 1 = 6.9 MPa and B 2 = 8.9 MPa. was zero in the center of the ring width but, at the edges, its value was ≈−1.5 × 10 −3 , thus, e me had a minimum value of 8.3 kJ/m 3 ; this value is large enough to overcome e ms < 3.25 kJ/m 3 . Note that e ms decreased considerably as W increased above 300 nm, Fig. 7(d) .
Therefore, the strain dependence can explain the magnetization orientation and the resulting domain structure: For wide rings M is transverse in the regions close to the ring edges and domain structures quite similar to that observed in the unpatterned film are present in the interior area, while for narrow rings M is transverse for the complete ring.
The strain-induced reorientation observed in the Cu/Ni/Cu systems differs from that reported in rings and planar nanowires of Ti/CoCrPt (10-20 nm)/Ti. 17 In the latter system, M reoriented from perpendicular to the film to transverse to the wire and then parallel to the wire axis as the linewidth decreased, without a coexistence of areas with in-plane and out-of-plane orientation of M. For the CoCrPt films the perpendicular anisotropy is due to the crystal orientation of the hexagonal c axis normal to the film plane, resulting in a strong magnetocrystalline anisotropy, which does not change on patterning, 18 whereas for the Ni films in this study the magnetocrystalline anisotropy is weak and the ME anisotropy and the shape anisotropy are the dominant contributors to the magnetic anisotropy.
V. SUMMARY
The magnetic domain structure of Cu/Ni/Cu rings with external diameter D of 3 and 2 μm and linewidth W ranging between 100 and 1300 nm is presented. Two regimes are observed at remanence after out-of-plane saturation: For rings with W > 400 nm, the contrast at the edges and in the bulk of the ring differed, indicating the presence of a magnetization reorientation along the radial direction. For W < 400 nm the domain pattern consisted of homogeneous regions with the magnetization oriented along the radial direction. For the narrower rings subject to an in-plane field, the magnetization reversed by the generation of multiple domains. Further increment of the field produced a movement of DWs that reduced the area of domains with high Zeeman energy.
A finite-element stress-strain calculation shows that the value of the anisotropic in-plane strain is strongly dependent on the ring linewidth, increasing as W decreases, and also having a strong radial dependence for larger W. This leads to a radially oriented magnetization for narrow rings, and a radial orientation near the edges of wide rings which occurs when is large enough to overcome e ms . The regions of radial magnetization are separated by vortex-type domain walls which differ from those existing in strips with axial or perpendicular magnetic anisotropy. The energy of the walls, calculated from a micromagnetic model, is consistent with the value estimated analytically by minimizing the magnetostatic and domain-wall energies over the ring.
The study showed that the ME anisotropy energy drives the spin reorientation in the ring, profoundly affecting the domain structure and reversal process, and enables structures to be made with uncommon domain structures and domain-wall configurations. The selection of a material with appropriate ME coefficients provides tools for engineering different domain configurations in crystalline wires and rings depending on their orientation with respect to the strain direction. Domain walls between regions of transverse magnetization may be of interest for spin torque transfer measurements or domain-wall devices.
